Proper management of coastal freshwater resources depends on an understanding of processes controlling their chemistry and seasonal flowpaths. A quantitative approach involving the coupling of major solutes and isotopes (δ 18 O, δ 2 H) of 180 samples in end-member mixing analysis (EMMA) was adopted to elucidate seasonal patterns of hydraulic exchanges amongst coastal waters along the Ebrié Lagoon catchment, Ivory Coast. The results show that the Ebrié Lagoon is a hydrologically dynamic system. In the dry season, evaporation and seawater inflow are the dominating processes, while in the wet season, river discharge is the main water source in the lagoon. Regional geology plays a significant role in aquifer recharge patterns. The Quaternary aquifer responds faster to precipitation, while the Mio-Pliocene aquifer is recharged indirectly via floodplain seepages. Salinization of over 90% of wells arises from hydrological exchanges with the Ebrié Lagoon. A diluted seawater effect was recorded in wells during the wet season owing to the relative increase in freshwater inflow.
Introduction
Coastal aquifers serve as major freshwater sources in many countries around the world (Bear et al. 1999) . Groundwater over-abstraction and sea-level rise associated with climate change are the main threats to these aquifers (Rabalais et al. 2009 , Ferguson and Gleeson 2012 , Cloern et al. 2016 , increasing their vulnerability to salt water intrusion (Godinez and Darnault 2008, Vengosh 2014) . For instance, the Benin and Niger Delta aquifers (Oteri and Atolagbe 2003) , the quaternary aquifer of Dar Es Salaam (Mtoni et al. 2012) , the karstified aquifers of central Lebanon (El Moujabber et al. 2006) , aquifers in East Africa (Comte et al. 2016) , and even the alluvial aquifer of the east coast of Spain (Giménez-Forcada 2010) are amongst coastal aquifers contaminated by salt water. In addition to the two preceding causative factors, lagoons, representing intermediate natural surface reservoirs between the world's oceans and inland waters, are also significant contributors to coastal aquifer salinization (Petalas and Lambrakis 2006 , El Yaouti et al. 2009 , Schmidt et al. 2011 . Lagoons are prominent features of most coastal zones and occupy about 12% of global coastlines (De Wit 2011) . Knowledge of coastal water sources is therefore important to pinpoint salinization sources and for effective management. The environmental, ecological and socio-economic importance of coastal waters explains the disproportionate human occupation of global coastlines, further enhancing salinization problems.
Coastal zones accommodate about 70% of the global population (Godinez and Darnault 2008) . About 100 million people live within 60 km of the western African coast, from Mauritania in the north to Namibia in the south (Diop et al. 2014) . In Ivory Coast, the coastal zone constitutes only a small fragment (~1%) of the national landmass of 322 463 km 2 (Adopo et al. 2014 ), yet it is home to over 40% of its total population, estimated at 22 670 000 (Institut National de la Statistique (INS) 2014). Along the coast of Ivory Coast, even though the impacts of increasing tidal sea levels such as coastline regression and infrastructural damage have been the subject of numerous studies (Koffi 1992 , Konan et al. 2009 , Kouakou et al. 2012 , Abe et al. 2014 , Adopo et al. 2014 , the potential impact of this phenomenon on coastal water resources remains unexplored (UNEP 2010) . Previous studies on the coastal hydrology focused on either surface waters Ferhi 1992, Durand and Guiral 1994) , or groundwater resources (Oga et al. 2008) . The predictions of negative socio-economic impacts of future sea-level rise along the coast of Ivory Coast (IPCC 1997 , Jallow et al. 1999 , Brown et al. 2011 , Hanson et al. 2011 , Hallegatte et al. 2013 emphasize the need for improved sustainable use and management of these coastal water resources, which however is hampered by a limited understanding of water sources, chemistry, hydrological exchanges and flow paths. Hence, in this study, we examined: (a) seasonal trends in coastal water chemistry and sources; (b) surface water-groundwater interactions; and (c) the quantification of contributions from potential recharge sources to a sampling point in the Ebrié Lagoon catchment, Ivory Coast. To achieve this objective, eigenvalue analysis was applied to a multi-tracer (Na H) dataset to reduce dimensionality and optimize end-member selection (Christophersen and Hooper 1992) . Subsequently, fractional source contributions were determined from a mathematical model following procedures outlined in Christophersen and Hooper (1992) and Burns et al. (2001) .
The combined use of solutes and stable isotopes as tracers in end-member mixing analysis (EMMA) in hydrological and ecological studies for partitioning contributions from different geographical sources to mixtures has long been established (Burns et al. 2001 , Liu et al. 2004 , Moore and Semmens 2008 , Correa et al. 2017 , Gilabert-Alarcón et al. 2018 . Uncertainties in modelled fractions were estimated based on Gaussian error propagation (Phillips and Gregg 2001) , and 95% confidence intervals were computed for each mixing fraction. Therefore, this study provides the baseline data necessary for future aquifer recharge studies and for the effective water resource management of the Ebrié Lagoon, a key biodiversity area (Smith et al. 2009 ) and West Africa's largest estuary (Scheren et al. 2004) .
Materials and methods

Description of the study area
The study area is the Ebrié Lagoon catchment, located geographically along the east Ivory Coast between latitudes 5-5°30′N and longitudes 3°40′-5°W (Fig. 1) . The area is characterized by flat slopes, with elevations between zero (sea level) and 70 m a.s.l., and lies in the lower reaches of the Agnéby-Mé catchment, where it intersects a direct fluvial-sea connection. The paralic Ebrié Lagoon is the main hydrological unit within the catchment. It is 130 km long, with a maximum width of 7 km, an average depth of 4.8 m (Varlet 1978) , and holds about 2.7 × 10 9 m 3 of water (Guiral and Ferhi 1992) . The lagoon cuts across different societal and land-use gradients, bordered to the west by the Azagny National Park, and to the south by the Atlantic Ocean. It has connections to the GrandLahou Lagoon in the west via the Azagny Canal, and to the Aby Lagoon in the east via the Assinie Canal. The Ebrié Lagoon is a restricted lagoonal system (classification according to Kjerfve 1994 ) with a permanent connection in its central part with the Atlantic Ocean via the artificial Vridi Canal (2.7 km long, 370 m wide and dredged depth of 13.5 m; Chantraine and Dufour 1983) . The lagoon receives 38 × 10 9 m 3 of seawater annually via this single tidal inlet (Varlet 1978) . Conversely, the Atlantic Ocean receives approximately 50 × 10 9 m 3 per year of mixed water via the lagoon (Varlet 1978) . Four rivers -from west to east the Ira, Agnéby, Mé and Comoé -discharge directly into the Ebrié Lagoon and account for over 90% (approx. 9.85 × 10 9 m 3 per year) of its freshwater input. Direct precipitation accounts for a smaller freshwater fraction (1.1 × 10 9 m 3 per year) (Varlet 1978) .
Hydrogeological setting
The concave-shaped coastline of Ivory Coast has a lateral extent of 600 km (Koffi 1992) . Geomorphologically, it is divided into two parts (Koffi 1992) : the west coast with a WSW-ENE orientation (Morlière 1970) , extends from Tabou (western border) to Fresco in the centre. These parts of the coast, underlain by Precambrian metamorphic basement rocks and sands, are the most stable (Koffi 1992) . However, the east coast, which extends from Fresco to Axim in Ghana (eastern border), and has a length of 360 km, is oriented in a WNW-ESE subhorizontal direction (Morlière 1970) , and is mostly underlain by unconsolidated sands. It is highly prone to coastal erosion, with an annual landward retreat of between 1 and 3 m (Abe et al. 2014) . The Ebrié Lagoon is a pull-apart basin of Eocene age, formed during separation of the African and the South American lithospheric plates (Blarez and Mascle 1988) . It lies at the fringes of the continental margin, separated by a narrow coastal strip (sandy barrier) of between 1 and 8 km width from the Atlantic Ocean (Dufour 1982) . The lagoon is laterally traversed by a major east-west trending fault (Fig. 1 ). This fault, referred to as faille des lagunes, is the landward extension of the St Paul transform fault zone (Spengler and Delteil 1964) . The northern uplifted flank of the fault, known as haut-plateaux, is underlain by consolidated sedimentary formations of Mio-Pliocene age (Martin and Tastet 1972) . This lithological unit is between 200 and 300 m thick and consists predominantly of detrital clayey sands, sands with lenses of clay (Berton 1961 ).
This unit forms the confined non-carbonate Continental Terminal (CT) aquifer, whose central part is known as the "aquifer of Abidjan" (Aghui and Biémi 1984) , as it constitutes the most important drinking-water supply source for the Abidjan population, with a reserve of approximately 9.9 × 10 9 m 3 (Guérin-Villeaubreil 1962 , Jourda 2002 . The CT aquifer delineated in Figure 1 has a lateral extent of 100 km (Jourda 1987) , extending from Fresco to Axim (Ghana border). Aquifer transmissivity varies from 0.14 to 20 m 2 /s (Jourda 2002) . Hydraulic conductivity within the fine sand layers is 10 −3 m/s, but may reduce to between 10 −5 and 10 −6 m/s, with variations in lithofacies (Loroux 1978 , Aghui and Biémi 1984 , Jourda 2002 . The southern flank of the fault, referred to as bas-plateaux, has a thickness of approximately 5000 m (Martin and Tastet 1972) . The bas-plateaux consists of unconsolidated sediments of Pleistocene age which form the Quaternary marine (Q M ) aquifer (Fig. 1) . The Q M aquifer comprises mostly coarse-grained marine bar sands and fine-grained fluvial sands. This phreatic aquifer, with hydraulic conductivity between~10 −3 and 10 −4 m/s (Jourda 1987 (Jourda , 2002 , is highly vulnerable to atmospheric contamination (Kouadio et al. 1998 , Jourda 2002 , Soro 2003 .
Climate of the area
The Ivory Coast coastal zone exhibits a tropical monsoon climate, characterized by bi-modal rainfall patterns (May-July and October-November) interspersed by two periods of dry season (July-September and December-April). The inter-annual seasons are influenced by land-sea temperature differences, reflected by the latitudinal position of the Inter-Tropical Convergence Zone (ITCZ) (Binet and Marchal 1993 , Bigot 2004 , Hessler et al. 2012 . Total annual precipitation for the year of investigation (2014) was 2142 mm, 26% higher than the 42-year (1971-2013) average of 1694 mm. The mean monthly temperature for 2014 was 27°C. The temperature reached a maximum of 32°C in April and a minimum of 24°C in August. Mean monthly relative humidity was 83%.
Ocean upwelling
Several authors have confirmed the Ivorian coastlines as a strong upwelling front (Morlière 1970 , Durand and Skubich 1982 , Koranteng and Pezennec 1998 , Hardman-Mountford and McGlade 2003 , Djagoua et al. 2011 ): a minor upwelling period occurs between January and March, and a major upwelling between June and October Pezennec 1998, Mahan et al. 2008) . The upwelling periods are characterized by seawater salinity up to 35 g/L and relatively cooler (below 25°C) surface water temperatures Guiral 1994, Koranteng and McGlade 2001) . In its 2014 cycle, tidal sea level showed two maximum and two minimum amplitudes. Tidal peaks were observed in April/May (mean: 0.76 m) and October/November (mean: 0.8 m), while minimum levels were observed in January/February (mean: 0.7 m) and July/August (mean: 0.7 m) (http://www. shom.fr). Mean tidal levels were 0.2 and 1.2 m during low and high tides, respectively (http://www.shom.fr).
Field sampling and data analyses
A total of 180 water samples were collected from potential contributing sources to the Ebrié Lagoon catchment, including rainwater (30), groundwater (wells: 68, spring: 1, boreholes: 12) and surface water bodies (rivers: 5, lagoon: 53, Atlantic coast: 11), within 13 km of the Atlantic coast (Fig. 2) . Potential evapotranspiration (PET) was calculated from time series data of precipitation and temperature using the standardized precipitation evapotranspiration index (SPEI) (version 1.6; Vicente-Serrano et al. 2010) in R (R Core Team 2012). Composite rain samples (n = 30) were collected monthly from rain events between September 2013 and October 2014 at a temporary weather station (5°24′36″N, 3°59′21″W) into 50-mL airtight polyethylene bottles. However, the rainwater sampling interval was different from that of the other water sources, and was undertaken during the dry season (January-February) and wet season (October). Groundwater sampling was along eastwest transects, assessed through already existing private wells. As a rule of thumb, gaps of 5 km exist between sampling points (Manikandan et al. 2012) . Wells were open-bottom, at a distance of between 0.1 and 13 km from the Atlantic coast. Water table levels in the wells were measured using a water-level probe (SEBA contact meter KLL . Analytical uncertainty was less than 3% for all measured ions. The quality of the analyses was checked by computation of ion balance error (%):
Although error balance values are expected to be between 2 and 5% (Mazor 1991) , values of ±10.4% are considered acceptable (Güler et al. 2002) . Sample code/location, total well depth (TWD), water (Turekian 1968) , as given in Table 2 .
End-member mixing analysis (EMMA)
The triangular mixing pattern observed on the bivariate plot of chloride versus δ 18 O ( Fig. 3) was further explored in an end-member mixing analysis (EMMA) model. EMMA was used in this study to quantify contributions from three principal geographical sources to a particular water system within the Ebrié coastal catchment. One likely source of uncertainty/bias in the EMMA model is the non-conservative behaviour of tracers (Hooper 2003) . To minimize this error source, solutes that mix conservatively in these systems were selected from pairwise combination of solutes, assumed as those that exhibit r 2 > 0.5 at a significant level (α < 0.01) with at least one other tracer (Barthold et al. 2011) . The resultant R-matrix is given in (Addinsoft Inc.) . Although a subjective process, only components with eigenvalues greater than or equal to unity were retained for further analysis after PCA (Jöreskog et al. 1976 , Hooper 2003 . This Rule of One states that at least 1/n of the variation must be explained by the last principal component, where n is the number of tracers used in the study. When PCA is performed on a correlation matrix, the number of end members is taken as one more than the number of components retained (Christophersen and Hooper 1992) . Potential end members were selected as source components that circumscribed the coastal water data in the U space (Christophersen and Hooper 1992) . EMMA model analysis followed the procedures outlined by Christophersen and Hooper (1992) and Burns et al. (2001) . Presuming that the mixing of these sources determines the composition of coastal water, EMMA was computed algebraically, allowing for closure based on the formula: where a 1 , a 2 , a 3 are used to denote fractional contributions of each end member, SW U1 and SW U2 are projected data observations in the U space coordinates, and EMn U1 and EMn U2 are the coefficients of the nth end member projected in the U space. Another assumption of this method is that tracers in these components mix conservatively, albeit in nature this is often violated (Pilgrim et al. 1979 , cited in Burns et al. 2001 , Hooper 2001 . As mixing ratios must always satisfy the constraint 0 ≤ mixing proportions ≤ 1 (Carrera et al. 2004) , samples with negative fractions, lying outside the mixing domain defined by the selected end members, were forced to zero and the other remaining fractions were resolved by a geometrical approach (Liu et al. 2004) . Resulting source proportions were evaluated based on the uncertainty analytic spreadsheet of Phillips and Gregg (2001) 1 . In this study, however, stable isotopes were substituted by components retained from the PCA analysis to estimate variance, standard error (SE) and 95% confidence intervals. Assuming no linear correlation exists between selected components, a first-order Taylor series approximation for the variance of a 1 evaluated at the mean was calculated using partial derivatives:
The variances and confidence intervals for a 2 and a 3 were calculated by switching subscripts in the equation. An approximate 95% confidence interval for a 1 was constructed as a 1 ± t 0.05 γσ a1 (similarly for a 2 and a 3 ), where σ a1 is the SE of proportion estimate (square root of the variance from Equation (6)), t 0.05 γ represents the twotailed Student's t for α = 0.05 and γ degrees of freedom, and γ is the Satterthwaite (1946) approximation for the degrees of freedom associated with σ 2 a 1 , and calculated as:
where v i , c i and d i are the individual variance terms, their coefficients and their associated degree of freedom (n i − 1). Figure 3 . In 2014, wet months -regarded as those with precipitation amount greater than 200 mm -accounted for 85% of total annual precipitation. Mean monthly PET was 142 mm/month, with the highest rate (169 mm/ month) in April and the lowest (106 mm/month) in August. Precipitation along the coast exhibited a w-shaped isotopic (δ 18 O) distribution, with the highest ratios in February and August (Fig. 3) (Fig. 4) , rain samples plot close to the Local Meteoric Water Line (LMWL from own measured data in this study). The LMWL (7.2 × δ 3.1.2.2 Ebrié Lagoon. Isotope ratios were markedly higher for the dry season compared to the wet season (Table 2) . Mean values (±SD) for δ 18 O and δ 2 H were 0.23 ± 0.71‰ and 5.33 ± 3.07‰, respectively, for the dry season, overlapping with those of seawater (Fig. 4) . The δ 18 O-δ 2 H plot (Fig. 4(a) ) depicts the lagoon as a near homogenous entity with two distinct groups (D_1 and D_II) in the dry season. Group D_I (n = 17) pooled together non-uptidal areas of the lagoon, relatively more enriched in heavy isotopes due to evaporation, with mean values (±SD) for δ 18 O and δ 2 H of 0.54 ± 0.45‰ and 6.56 ± 2.24‰, respectively. Group D_II (n = 5) encompassed uptidal areas of the lagoon along its eastern extremities (Riviera-Bingerville axes). The mean (±SD) for δ 18 O and δ 2 H of −0.82 ± 0.13‰ and 1.14 ± 1.01‰, respectively, of these samples were similar to those of rainwater. For the wet season, isotope ratios of the lagoon were relatively lighter, similar to values for shallow groundwater. Mean values (±SD) for δ 18 O and δ 2 H were −1.66 ± 1.38‰ and −7.87 ± 8.82‰, respectively. This relative depletion in 18 O and 2 H together with a drop in salinity to oligohaline (salinity < 5 mg/L) conditions indicates high freshwater influx to the lagoon. Considering the different sources of freshwater inputs to the lagoon, spatial variations in isotope ratios were greater and four distinct groups (W_I, W_II, W_III and W_IV) were evident on the δ 18 O-δ 2 H plot (Fig. 4(b) ). Group W_I (n = 8) pooled together western areas of the lagoon (DabouJacqueville axes). These areas had the highest isotope ratios with mean (±SD) of −0.19 ± 0.05‰, and 1.04 ± 0.19‰ for δ H in this group are −2.27 ± 0.17‰ and −8.41 ± 0.85‰, respectively. Lastly, group W_IV pooled together areas of the lagoon from its eastern and western extremities, bordered by vast acres of mangroves. These areas were the coolest (mean temperature: 28.3°C) and the most isotopically depleted parts of the lagoon, with mean (±SD) of −3.36 ± 0.40‰ and −19.43 ± 2.15‰ for δ 18 O and δ 2 H, respectively.
Rivers. The δ
18
O and δ 2 H of the Mopoyem River (R3) were −2.65‰ and −9.29‰ in the dry season. However, the means (±SD) were −2.27 ± 0.65‰ and −7.70 ± 3.47‰ for the five rivers in the wet season. The highest δ 18 O and δ 2 H (−1.12‰ and −1.71‰, respectively) were recorded in the Layo Canal (R4), while the lowest (−2.67‰ and −9.10‰) were recorded in the Mopoyem River (R3). In general, isotope values of the rivers were similar to that of rainwater.
3.1.3 Groundwater systems 3.1.3.1 Shallow groundwater. Generally, the isotope ratios of wells plot close to those of rainwater on the δ 18 O-δ 2 H plot (Fig. 4) , with mean (±SD) for δ
O and δ 2 H of −2.4 ± 1.0‰ and −7.2 ± 4.26‰, respectively, in the dry season. Groundwater discharging via spring P36 (Fig. 2) 
Hydrochemical characterization
Surface water systems
The detailed seasonal changes in the hydrochemical conditions of the studied surface waters are given in Table 1 . For both seasons, maximum salinity along the Atlantic coastline was recorded in areas of its innermost curvature, while minimum values were in its eastern part for the dry season, and the western part for the wet season. Salinity values along the coastlines and the Mopoyem River showed relative seasonal increase, in contrast to the Ebrié Lagoon which showed a relative seasonal decrease in its salinity owing to high continental freshwater discharges from rain events and flooded rivers, experiencing their peak flow to this catchment in the wet season. This caused a widespread decrease in coastal water salinity; for instance, the salinity of the Atlantic Ocean reduced from an average of 35.7 to 31.5 g/L, and the average salinity of the Ebrié Lagoon, predominantly freshwater at this time, was 2 g/L (Table 1) . A salinity amplitude (32.5 g/L) of the lagoon in the dry season was observed around longitude 4°02′W, near the Vridi Canal. However, the amplitude (21.4 g/L) shifted eastward in the wet season.
Groundwater systems
Wells were open at the bottom, with total well depth (TWD) of between 1.0 and 14.7 m, while the TWD of boreholes is 12 m, except for F2 and F5 which had depths of 38 and 48 m, respectively (Table 1) . Regional water table levels fluctuated in response to seasonally induced changes in precipitation amount and groundwater abstraction. Water table levels representing nonpumping conditions for the Q M aquifer ranged between 0.8 and 3.2 m below ground level (b.g.l.), and between 0.7 and 11.4 m b.g.l. for the CT aquifer for the dry season. Water table levels were closer to the surface for the wet season, with values of between 0.02 and 2.8 m for the Q M aquifer, and between 0.1 and 10.3 m for the CT aquifer. Water table levels in wells P28, P29, P30 and P31 were constantly below mean sea level for both seasons. Additionally, two wells (P33 and P34) recorded water table levels at mean sea level for the wet season. A summary of solute concentrations in groundwater for both seasons is given in Table 2 . Chloride concentration in these wells showed no correlation with perpendicular distance to the Atlantic coast (data not shown). This suggests that no lateral flow exist between these wells and seawater. However, chloride concentrations in these wells showed positive correlation (r 2 = 0.5) with TWD. The existence of a vertical salinity gradient usually denotes natural salinity sources (Richter et al. 1991) . Based on an upperlimit chloride concentration of 150 mg/L for freshwater (Stuyfzand 1989) , well P15 (Cl with a slight increase in Cl − concentration (to 382 mg/ L) can be considered contaminated. The general tendency in these groundwaters is a temporal decrease in chloride concentration, but, similar to the trend along the Atlantic coast, a reverse trend was observed in some Q M wells (P3, P4, P23 and P34), CT wells (P7 and P11) and boreholes (F5 and F6). It is most important to note, however, that the average chloride concentration in groundwaters is much lower compared to averages in the adjacent lagoon and seawater (Table 2) .
Dry season.
Three hydrochemical facies were evident on the HFE-diagram (Fig. 5(a) Apart from F6, all the other boreholes were experiencing freshening during this season.
Seasonal hydrological interactions between coastal waters
EMMA model
Results from the PCA analyses, which were similar for both seasons, are presented in Table 4 . Two factors that together explained more than 98% of total variation within the dataset were retained after PCA: component U I , which accounts for 79% of the variability within the dataset, relates to Na
, ions that represent geogenic sources and also have been identified to increase during seawater intrusion (Boluda 1994, Retention of two factors implies a three-endmember mixing model (Christophersen and Hooper 1992) . Freshwater (EM1), brackish lagoon water (EM2) and seawater (EM3) were end members controlling coastal water chemistry (Fig. 6) . End members and their concentrations are given in Table 5 . The EMMA-derived mixing fractions of water samples for both seasons are displayed as ternary plots (Fig. 7) . Freshwater was the main recharge source of the Ebrié catchment for both seasons. A summary of model results and uncertainty is given in Table 6 . Here, the terminologies "old" and "new" waters are used, respectively, to refer to water present in the catchment between rain events, and rain events (Hooper and Shoemaker 1986 ).
3.3.2 Surface water systems 3.3.2.1 Atlantic coastline. EMMA result showed that freshwater discharges to the coast were an average of 8.6% for the dry season, and reduced by more than half to 3.6% for the wet season. During the dry season, groundwater discharges were recorded off the coast of Gbamblé (S 1 ) (13.8%), Abréby (S 7 ) (12.9%), and in the west of the catchment off the coast of N′guessandan (S 5 ) (7.8%), 1.8 km from the Azagny Canal. However, during the wet season, groundwater discharges were evident only in Gbamblé (S 1 ) (17.6%), a very small fraction in the Vridi Canal (S 2 ) (0.63%) and in N′ guessandan (S 5 ) (7.0%). Maximum groundwater discharges to the Atlantic coast were recorded at the Gbamblé coast (S 1 ) during the investigation period. Results supported no hydraulic exchanges between the lagoon and the studied areas of the Atlantic coast during the dry season. However, the lagoon, which moved seawards in response to high continental discharges during the wet season, made contributions to the Atlantic coast recharge: lagoon water proportions ranged between 8.6 and 30.1%. Minimum and maximum lagoon water components were recorded off the coast of Grand-Jack (S 4 ) and Abréby (S 7 ), respectively. There were no hydrological exchanges between the lagoon and areas of the Atlantic coast in Gbamblé (S 1 ), farthest from the lagoon (perpendicular distance of 7.8 km) during the investigation period. Areas off the coast of Akrou (S 3 ) and Ahua (S 6 ) had no exchanges with continental (groundwater and lagoon) discharges during the wet season. Salinity amplitude along the coast shifted further west: from Abréby (S 7 ) (20.7 g/L) during the dry season to Ahua (S 6 ) (21 g/L) during the wet season.
Ebrié Lagoon.
Hydrological exchanges between the lagoon and the Atlantic Ocean were more pronounced during the dry season. Seawater contributions to the lagoon ranged between zero and 72.8%, with an Figure 6 . Orthogonal projections of coastal water samples onto the U space defined by the end members for (a) the dry season and (b) the wet season. Selected end members are denoted by (red) triangles.
average of 16.2%. Seawater contributions were, however, minimal on the northern shores of the lagoon, close to river mouths (i.e., L2, L17, L19, L22, L25). For the wet season, seawater contributions to this water body were far smaller, with fractions between zero and 32% and an average of 3.6%. The seawater component was absent in about 35% of the lagoon, mostly in areas close to river mouths and forested areas. Freshwater contributions to the lagoon during the dry season ranged between zero and 87%, with an average of 26%. This increased to values between zero and 100%, with an average of 46%, for the 15.59-100 0-82.14 0-13.07 a Appropriate t statistic for 95% confidence. b Propagated uncertainty, equal to t for 95% confidence multiplied by SD of the tracer component. c Mean proportions estimated from the Excel spreadsheet of Phillips and Gregg (2001) . wet season. Freshwater was completely absent in periurban areas, west of the Vridi Canal, while "old lagoon water" was absent from areas close to the Vridi Canal and its eastern borders.
3.3.3 Groundwater systems 3.3.3.1 Shallow groundwater. Freshwater was the main source of aquifer recharge during both seasons. The freshwater component was, on average, 73.3 and 85.6% for the Q M and CT aquifers, respectively, for the dry season, and 77.8 and 75.4% for the Q M and CT aquifers, respectively, for the wet season. The lagoon water contribution to these aquifers was, on average, 26.2 and 14.3% to the Q M and CT aquifers, respectively, during the dry season, and 21.6 and 24.3% to the Q M and CT aquifers, respectively, during the wet season. The lagoon was a partial water supply source to all studied wells except in wells P4 and P25, in which it was absent during the wet season. Hydraulic exchanges with seawater were established in wells P15 (Q M aquifer), P10, P16 and P21 (CT aquifer) during the dry season, with maximum seawater component (5.4%) in well P15. The influence of tidal sea-level fluctuations extended farther inland during the wet season, and the seawater component was recorded in more wells: P3, P4 and P15 (Q M aquifer) and P5, P7, P10, P12, P22 and P27 (CT aquifer).
3.3.3.2 Deep groundwater. Freshwater discharges, although the main source of deep aquifer recharge, showed a temporal decrease to these systems. However, the converse was true for "diluted/new lagoon water", which tripled. Percentage contributions from the seawater, lagoon and freshwater to the boreholes were averages of 0.6, 8 and 91.4%, respectively, for the dry season, and averages of 0.3%, 23.8% and 75.9%, respectively, for the wet season. Seawater intrusion was restricted to the extreme west of the catchment in boreholes F5 and F6 with seawater fractions of 2.3 and 1.1%, respectively, during the dry season, and constituted 1.6% of water in F5 during the wet season. Borehole F5 had constant hydrological exchanges with seawater. The lagoon infiltrated all boreholes with percentages between 7.5 and 23% during the dry season, except for F2 and F6. "Diluted/new lagoon water" was, however, present in all boreholes in percentages ranging between 11.2 and 35.9% during the wet season. The highest freshwater fraction for both seasons was recorded in F2. Borehole F2 contained entirely freshwater during the dry season. The freshwater contribution to this borehole decreased to 88.8% during the wet season. Minimum freshwater percentage (77%) was observed in F4 during the dry season, and in F1 (64.1%) during the wet season.
Discussion
Stable isotopes in precipitation
The isotopic composition of precipitation within the Ebrié Lagoon catchment exhibits large seasonal variability. Isotope ratios of rainwater are relatively high in the dry season, which may be attributable to the occurrence of secondary evaporation as rain falls through dry air (Dansgaard 1964) . The δ
18
O values of between −2 and −3‰ in rainwater in the wet months are typical for first condensates from undisturbed advected oceanic moisture in tropical coastal zones (Araguás-Araguás et al. 2000) . Along these zones, the Atlantic Ocean is an important atmospheric moisture source (Reason et al. 2006) . It contributes one-third of total rainfall along the Ivory Coast, while the rest comes from evapotranspiration (Monteny 1986) . Latitudinal displacements of the Intertropical Convergence Zone (ITCZ) also constitute another strong influence on precipitation amount (Binet and Marchal 1993 , Kouadio et al. 2003 , Bigot 2004 ) and isotope regimes. In a meridional descent towards the equator in the dry months between October and March, warm, dry northeast trade winds (Harmattan) dominate (Pàges et al. 1979 , Durand and Chantraine 1982 , Bigot 2004 , giving rise to rains enriched in heavy isotopes of δ 18 O and δ 2 H. A reverse in this trend is observed in the wet months between April and September, when the ITCZ is in its septentrional ascent and a cold, humid southeast trade wind of maritime origin (the southerly monsoon) dominates the coastal zone (Morlière and Rebert 1972 , Durand and Chantraine 1982 , Bigot 2004 , giving rise to δ 18 O-and δ 2 H-depleted rains. This observation is consistent with isotope distribution patterns in rains in East African regions (Rozanski et al. 1996) . In this study, the average isotopic ratios in precipitation for the summer dry season differ considerably from those of coastal waters studied. This suggests that rainfall contributions to the coastal hydrological budget in this period were negligible. It should be noted that effective rainfall (precipitation minus potential evaporation) was at its lowest in this season. Conversely, in the wet season, average isotopic ratios of precipitation were similar to those of the studied coastal waters, exclusive of those of the Atlantic nearshore, which were much higher.
Source identification and hydrological interaction between coastal waters
Dry season
The EMMA results show that freshwater was the dominant water supply source contributing 59.6% to the Ebrié coastal watershed for the dry season; 34.8% originated from the lagoon water and 5.7% from seawater.
The seasonal patterns and intensity of hydrological interactions between the freshwater, the lagoon representing a brackish water source and the Atlantic Ocean control the chemistry of coastal waters along this marginal catchment. In this season, the absence of a lagoon water component along the Atlantic coastline supports a landward migration of the Atlantic Ocean waters, substantiated by similarities between the isotope ratios of seawater and that of the lagoon. Furthermore, continental freshwater discharges to the Atlantic coastline were influenced by coastal geomorphology, i.e. the concavity of the coastline. Freshwater was recorded in the areas of innermost curvature, near the Vridi Canal and the western side of the catchment with less steep slopes. Similar conditions exist in other tropical lagoons, e.g. along the Pacific coast of Mexico (Yáñez-Arancibia et al. 2013) , and along the Mediterranean coastline (e.g. lagoons in Turkey; Lecuyer et al. 2012 , Stumpp et al. 2014 . Periods of high marine influence on the Ebrié Lagoon are marked by corresponding higher chloride and salinity levels, in contrast to periods of high freshwater discharges marked by relatively lower chloride and salinity levels. Two different isotope enrichment processes were evident in the lagoon (Fig. 8(a) ): direct mixing with seawater (Group DI) in its estuarine areas, and evaporation in its more confined eastern and western borders, unaffected by seawater intrusion. These isotope enrichment patterns are consistent with the findings of Guiral and Ferhi (1992) , who carried out extensive study (n = 60) on the major ions and δ
18
O analyses of the lagoon in May and October (1986) and December 1987. Following the suggestions of Sacks (2002) in estimating groundwater discharges to lakes in central Florida, USA, low, medium and high freshwater flow represent less than 25%, between 25 and 50%, and greater than 50%, respectively. Accordingly, for this period, the EMMA model results show that more than 60% of the lagoon received low freshwater influx, inclusive of its estuarine (central) and western sides. The eastern areas (L2) of the lagoon received high fresh groundwater influx and the rest of the lagoon received medium freshwater inputs. As lagoons move landwards, constrained by geomorphology, in response to sea-level rise (De Wit 2011), it can be inferred that the Ebrié Lagoon migrated further inland in this season. This is supported by the presence of brackish water of the lagoon in varying percentages in all studied wells. The lagoon is therefore the main source of groundwater salinization, as seawater intruded only into wells in the central areas of the catchment. In the dry season, the average isotope composition of the Q M aquifer overlapped with those of local rain, suggestive of a direct aquifer recharge/fast vertical percolation. However, average isotope ratios of the semi-confined CT aquifer were similar to those of discharging rivers, highlighting the importance of riverbed seepages to this aquifer. Although subjected to temporal variations, inland forested areas north of the lagoon: P22 (Audoin-Beugr éto), P7 (Abobo-doumé), P8 (Agban II) and P11 (Songon-Té) were identified as potential regional groundwater recharge zones. The dissimilar isotope patterns of the wells and boreholes suggest no vertical mixing between them in this season.
Wet season
The hydrology and salinity of the Ebrié catchment in the wet season differed considerably from those of the dry season. Water supplies from freshwater, lagoon and seawater were on average 57.9, 33.4 and 8.8%, respectively. As opposed to the dry season, lagoon water was present along the Atlantic coastline, restricted to areas of its innermost curvature and more distal areas. Maximum lagoon water was present in the innermost curvature of the coastline near the Vridi Canal. The steepest slope of the continental margin is close to this canal, which is a few metres from the submarine canyons referred to as "Trou sans fond" (Martin 1974) . It is important to mention here that poikilo-halinity of the lagoon is one of the consequences of manmade hydrological modifications to this system. Prior to the opening of the artificial Vridi Canal in 1950, salinity levels of this water body rarely exceeded 6 mg/L (Dufour 1982) . In this season, freshwater influx into the lagoon from various sources gives rise to hydrochemical discontinuities with accompanying negative environmental and ecological consequences (Binet and Marchal 1993, Kouamé et al. 2009) . In this period, 45% of the lagoon received high freshwater discharges, 13% received medium freshwater discharges, and the rest received low freshwater discharges. The areas (Group W_I and W_II, Fig. 4 (b)) with low to no freshwater discharges were mostly lagoonal bays and their adjacent areas, seaward shores of the lagoon. The effect of evaporative enrichment was negligible in this season and lagoon hydrology was mostly influenced by its hydraulic exchanges with other coastal water supply sources. The complete absence of a "lagoon water" component in its eastern and western ends (Group W_IV, Fig. 4(b) ) attests to complete flushing in these areas. Durand and Guiral (1994) reported an annual average (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) water renewal rate of 15 times per year in these areas of the lagoon. This group, with heavily depleted 18 O and 2 H values, is significantly different from studied freshwater (rain and groundwater) sources, which is indicative of the influence of extraneous freshwater bodies not considered in this study. For example, the Comoé River (basin area: 78 000 km 2 ) discharges into the eastern end of the lagoon, contributing about 60% of its total annual freshwater inputs (Guiral and Ferhi 1992) , while the Bandama River, the largest (basin area: 97 000 km 2 ) and commercially most important river in Ivory Coast, discharges into the western end of the lagoon (Wango et al. 2013) . Some areas of the lagoon (Group W_III, Fig. 4(b) ), with isotopic ratios overlapping those of groundwater, were identified as potential hyporheic zones. As evident from the above, the Ebrié Lagoon is sensitive to seasonal water source changes arising from fluctuations in rainfall amount. In a comparable study of the wet season in October 1986, Guiral and Ferhi (1992) reported mean (±SD) δ 18 O of −0.88 ± 1.33‰ (n = 30), compared to −1.66 ± 1.38‰ (n = 30) in this study. The difference in δ 18 O between these studies is attributable to differences in total annual precipitation, and concomitant reduced fluvial discharges to the lagoon. In 1986, total annual precipitation was 1338 mm, 60% less than that for 2014 (2142 mm). Goula et al. (2006) demonstrated in their catchment-scale study on the N′ zi and N′zo rivers, tributaries of the Bandama River, that a precipitation deficit of 14% could result in a 49% decrease in fluvial discharges.
The isotopic ratios of studied rivers were similar to those of local rain and therefore benefitted from meteoric recharge, apart from the artificial Layo Canal (R4) discharging in the central parts of the catchment serving irrigation purposes. The isotopic ratios of shallow groundwater were intermediate between those of antecedent river water (dry season) and rain (wet season), suggesting combined recharge sources: directly by rain and indirectly via floodplain seepages. These shallow groundwater systems present differing salinization history, reflecting the hydrodynamics of the lagoon: the Q M aquifer recorded a temporal increase in freshwater and a decrease in lagoon water component; in contrast, the CT aquifer recorded a temporal decrease in freshwater and an increase in "diluted" lagoon water component. Therefore, it can be inferred that the lagoon shifted seaward in response to continental freshwater discharges in this season. The seawater component showed a temporal increase in both the Q M and CT aquifers, and some wells geochemically evolved to a Ca-Cl type, suggestive of early salinization (Vengosh et al. 1991, Walraevens and Van Camp 2004) . However, the impact of seawater, which was at high tide in this period, was dampened in this catchment by concurrent continental freshwater discharges. Although the hydraulic head of deep groundwater was not determined in this study, the otherwise invariant isotopic composition for both seasons suggests a considerable time lag between rain events and deep aquifer recharge, or long transit times along the flow paths with attenuation of the seasonal isotope signal due to mixing. Hydrological connections were established between the upper shallow and underlying deep groundwater in the eastern and western areas of the catchment, evidenced by similarity in water chemistry and stable isotopes. Seawater was a constant component in well P15 and borehole F5, of all the studied groundwater. Long-term consumption of such water, with chloride content greater than the recommended US Environmental Protection Agency secondary maximum contaminant level of 250 mg/L (USEPA 2017), can induce fatal dehydration, kidney damage and even death (NOAA 2014).
This study highlights the importance of fluctuations in precipitation amount on coastal hydrological processes. The combined use of major ions and stable isotopes in an EMMA model were effective in elucidating seasonal water sources, coastal hydrodynamics and the natural linkages between local precipitation and natural archives (surface water and groundwater). Precipitation in dry months makes a negligible contribution to the catchment's hydrological budget. Evaporation and hydrological exchanges (mixing) are the main processes influencing the coastal water chemistry in the dry season. Contributions from precipitation for the wet season were substantial, constituting a major catchment recharge resource.
Regarding coastal hydrodynamics, the salinity amplitude along the Atlantic coast in the wet season shifted westward to areas of reduced continental fluvial discharge. The Ebrié Lagoon, in response to the advancing sea in the dry season, migrated further inland, infiltrating into the CT wells; while in the wet season, in response to high continental freshwater discharges, the lagoon assumed a seaward direction, infiltrating the coast in divergent flow patterns, constrained by the coastline morphology. Freshwater discharges from various sources influence water renewal rates and create patchiness (hydrochemical discontinuities) in the lagoon. The results show that waters in the less confined eastern and central areas of the lagoon had undergone complete flushing within this short sampling interval (7 months). This may have negative consequences for the survival and interactions inherent in the biota; therefore, knowledge of its hydrodynamic pattern is important for aquaculture practitioners.
Regional geology played an important role in aquifer recharge. The Q M aquifer, with unconsolidated coarsegrained sands along the barrier island, was rapidly recharged by percolating rainwater, while overland flows and discharge from flooded rivers were important recharge sources for the low-permeability sandy clay soils of the CT aquifer.
In this study, the potential for groundwater salinization, with predominantly NaCl facies (more than 70% in both seasons), is higher in the wet season. Natural climatic variability played a significant role in modulating the impacts of high tidal sea levels on groundwater. Even though seawater intrusion into groundwater wells increased in spatial extent, seawater proportions were lower relative to the dry season. It was established that the Ebrié Lagoon, in which a much wider distribution of groundwater was found, is the main source of groundwater salinization.
Considering future changes in regional climate (fluctuations in precipitation and tidal sea-level rise), the vulnerability of these coastal waters to degradation will increase. It is therefore recommended that groundwater abstraction rates and other equally important non-natural factors, which can influence the quality of these coastal waters, are studied in depth, considering different climate change scenarios.
